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Taylor, "Tunable, femtosecond soliton generation from amplified continuous-wave diode-laser signals," Opt. Lett., vol. 15, pp. 133-135, 1990 . J. P. Gordon, "Theory of the soliton self-frequency shift," Opt. Lett., vol. 11, pp. 662-664, 1986 . M. Ding and K. Kikuchi, "Realization of femtosecond soliton oscillation in all-fiber Raman laser with soliton self-frequency shift supprcssion," IEEE Photon. Technol. Lett., vol. 4, Aug. 1992. M. Ding and K. Kikuchi, "Analysis of soliton transmission in optical fibers with the soliton self-frequency shift being compensated by distributed frequency dependent gain," IEEE Photon. Technol. Lett., vol. 4, pp. 497-500, May 1992 contrast, which is controlled by the etch depth. Radiation loss in bent waveguides decreases with increasing index contrast whereas scattering loss due to waveguide edge roughness increases. Further, the bending loss increases rapidly with decreasing bending radius, the curves with the smallest radius dominate the total radiation loss. If at the center of the spiral the waveguide is folded back by 180" in order to leave the spiral into the opposite rotation direction without crossing other waveguides we need two 180" bend sections with R = 200 p m at the center of the spiral. Based on calculations made by Agrawal [3] we expect the crosstalk at waveguide crossings with a crossing angle of 70" to be negligible. Therefore, we decided to apply the structure as shown in Fig. 1 , which allows for a much greater bending radius inside the spiral. If a crossing angle of 70" is applied the bending radius of the inner bends can be increased from 200 to 320 pm. With this radius the etch depth required in order to keep radiation loss sufficiently small is considerably reduced and the scattering losses will decrease correspondingly.
We applied a conformal transformation [4] in order to transform the problem of the curved slab waveguide into that of an equivalent straight waveguide with a transformed refractive index profile. The equivalent problem is then solved by approximating the smoothly varying transformed index distribution by a series of piecewise uniform regions (staircase approximation) and using a transfer matrix method to determine the complex propagation constant in the transformed domain. The angular propagation constant of the curved waveguide is directly inferred from the latter, the radiation loss follows from its imaginary part. Fig. 3 (solid curve) shows the computed radiation loss for TE-polarization, as a function of the etch depth. Results are presented for the waveguide structure shown in Fig. 2 , with 2.2 p m width and a bending radius of 320 p m . This is the smallest radius occuring in our design. Predicted TM-polarized losses are lower due to the higher lateral effective index contrast for this polarization.
The additional scattering loss due to edge roughness was calculated based on the assumption [SI that it is proportional to the normalized field intensity at the waveguide edge E & , / ( / E 2 &), and to the square of the effective dielectric contrast (N: -N $ ) 2 . Fig. 3 (dashed curve) shows the predicted dependence of the scattering loss on the etch depth, with an (etch-depth independent) film-loss contribution of 0.5 dB/cm. We calibrated the curve on experimental loss data obtained for straight waveguides as shown in Fig. 2 . From Fig. 3 we see that the radiation losses should be negligible if the ridge is etched slightly into the quaternary layer. The corresponding straight-guide scattering loss is expected to be between 2 and 3 dB/cni.
In the curved waveguides the field pattern shifts to the outer edge, and becomes narrower than in an equivalent straight waveguide. In order to reduce field mismatch losses and excitation of higher-order modes, we adapted the straight-waveguide width (2.0 p m instead of 2.2 p m for the curved waveguides), and applied a lateral offset between the waveguide axes in order to compensate for the outward shift of the mode profile in the curved waveguides. At the junctions between (a) straight/R = 320 pm, (b) Straight/R = 500 pm, and (c) R = 320 pm/R = 450 p m waveguides we applied offsets of (a) 0.4 pm, (b) 0.2 pm, and (c) 0.1 pm. Predicted conversion losses at the junctions are negligible.
FABRICATION
The waveguide structure (InP buffer 1.2 pm, Q1.3-layer 0.5 pm, InP top layer 0.4 pm) was grown on a semiinsulating InP substrate with LP-MOCVD. TE-propagation loss, as measured with the FP-method on waveguides with a very shallow ridge, amounts to 0.5 dB/cm, which is indicative for the quality of the grown layers. Details are described by Moerman et al. [6] . The waveguide mask was produced with an optical pattern generator, and transferred into image-reversal photoresist with a 4 x reduction mask aligner. provement is paid for with an increased surface roughness, as can be seen from Fig. 2 which, however, has little effect on the mode under the ridge.
EXPERIMENTAL RESULTS
The transmission of our devices was measured with a Fabry-Perot measurement setup. Reflection coefficients were computed according to Buus [7] . For TE-polarization a reflection coefficient of 0.35 was calculated and for TM-polarization 0.21. In order to verify these data experimentally for our waveguide structure, we included a series of U-shaped waveguides "chicanes," as described earlier by Verbeek et al.
[8], with in-line input and output guides in our mask design. All U's had the same bending radii, but different lengths of the straight sections. The total length within a series varied from 9 to 15 mm in steps of 1 mm. Further, a series of straight waveguides were included.
Waveguide attenuation was measured to be approximately 2 dB/cm both for TE-and TM-polarized light, in good agreement with results obtained previously. From the measurement results of the U-bends we inferred the reflection loss by extrapolating the regression line through the measured loss data to zero waveguide length. For TE-polarized light we found a reflection value of 0.34, for TM-polarized light 0.23. These results are close to the predicted values. The reproducibility of the loss measurement data is * 0.1 dB. The accuracy of the optical attenuation data as inferred from the FP measurement results is estimated to be kO.3 dB.
Based on the computed reflection coefficients we found a spiral loss of 5.5 dB for TE-polarization, and 6 dB for TM-polarization. High loss values measured on defect spirals indicate negligible direct transmission from input to output waveguides. After subtraction of 1.5 dB loss occuring in the 7 mm long input and output leads, we obtain the following loss figures: 4 dB for TE-polarization and 4.5 dB for TM-polarization. From this loss approximately 2.5 dB may be contributed to scattering loss (1.24 cm x 2 dB/cm). The additional 1.5 dB for TE-and 2 dB for TM-polarization are due to additional bending losses. The radiation loss due to bending is expected to be largest for the TE-polarized mode, because the lateral effective index-contrast is smaller for TE-polarized modes than for TM-polarized ones. The fact that we did not find this dependence in our measurement results indicates that the contribution of the radiation loss to the total loss is small, and that most of the excess loss is due to scattering at the bend edge.
CONCLUSIONS
We realized a spirally folded InGaAsP/InP ridge-type waveguide with 12.4 mm length, corresponding to 4 cm free-space length, on a device area of 1 X 1 mm2. Insertion loss was measured to be 4 dB for TE-polarization and 4.5 dB for TM-polarization, most of which is caused by normal propagation loss (2 dB/cm for straight waveguides). Excess bending loss is estimated to be 1.5 dB for TE and 2 dB for TM-polarization.
